A novel metamaterial composed of a Ag nanoprism periodic tetramer is proposed in this paper. The metamaterial has high structural symmetry and shows polarization independent plasmon-induced transparency (PIT), demonstrated through simulation based on a finite element method. Resonant wavelength and transmissivity of the transparency window is flexibly tuned by changing the fillet radius, the edge length, and the thickness of the Ag nanoprisms. A slow-light effect, caused by an adjustable PIT with a special line shape, can also be flexibly manipulated as the nanoprisms are filleted. The maximum group index value of the metamaterial ranges from 71 to 225. The effects show potential for application in novel plasmonic environmental sensors and slow-light devices.
Introduction
Metal metamaterials have attracted extensive attention due to their unique optical properties such as a negative refractive index, 1,2 slow-light, 3, 4 and Fano resonance. 5 Plasmoninduced transparency (PIT), as an exceptional case of Fano resonance in a metamaterial, is an analogy of atomic electromagnetically induced transparency (EIT) effect. [6] [7] [8] The PIT effect can be attributed to the destructive interference between two resonances with different line widths. Compared with the typical atomic EIT effect, the PIT effect in a metal metamaterial possesses a low requirement to the operation environment 8 and for state-of-the-art preparation.
9
The application of the PIT device has more practically essential signicance. Due to its planar structure and the sharp line shape of the PIT effect, metal metamaterials have various practical applications that include plasmonic sensing 10 and optical switching.
11-13
The PIT effect in metal metamaterials together with its sharp line shape can cause a slow-light effect. [14] [15] [16] Because of the relatively large intrinsic loss of metal in metamaterial, the maximum value of its group index is usually less than 100. The performance of the slow-light effect caused by PIT effect can also be exibly modulated through changing the shapes and structural parameters of the unit cell in metamaterial.
17-19
Metamaterials composed of identical and symmetrically arranged resonators have been investigated and shown polarization independent optical properties.
20-23
Metal nanoprisms with tunable dipolar and quadrupolar surface plasmons have attracted wide attentions in the past decade. 24, 25 Recently, metal nanoprisms with unique structural features (high structural symmetry and strong anisotropy) and easy preparation characteristic have become important building blocks for metal planar metamaterial.
26,27
However, optical properties of the planar metamaterials composed of multiple metal nanoprisms still need to be further investigated. Such optical properties are usually nonadjustable once they are prepared, which is a huge limitation to their utility. Various works that involve replacing the conventional materials in metamaterials with the phase change materials and the materials with adjustable permittivity, [28] [29] [30] [31] [32] [33] have all been demonstrated to break the presented limitation. Since Ag metal is quite sensitive to its surrounding environment, an Ag nanoprism can be easily lleted and its optical response manipulated accordingly. [34] [35] [36] This provides a new modulation mechanism on the optical properties of the metamaterials.
In this paper, the optical property of the planar metamaterial consisting of Ag nanoprism periodic tetramer is theoretically studied. The metamaterial exhibits a PIT effect that is independent of the polarization direction of incident light and slightly dependent upon the angle of rotation of Ag nanoprism. The PIT effect is exibly tuned through varying the llet radius, the edge length, and the thickness of the Ag nanoprism. The planar metamaterial also shows a exible slow-light effect and a maximum value of group index that could reach 225 upon varying the llet radius of Ag nanoprism. These results indicate the potential of Ag planar metamaterial with tunable PIT and slow-light effects as a candidate for novel plasmonic environmental sensor and slow-light nano-devices.
Structure model and methods
The unit cell of the planar metamaterial proposed this paper is schematized in Fig. 1 . In the unit cell, four identical nanoprisms (grey) with same structural parameters were placed on silica substrate (purple). The surface of the silica substrate is parallel to the x-y plane, the nanoprism tetramers are periodic in the x and y directions, and the whole structure is covered by air (n ¼ 1). A linearly polarized light propagates along the negative direction of z-axis and vertically illuminates the surface of the metamaterial.
The optical properties of the metamaterials under different polarized incident light were considered. As shown in Fig. 1(a) , the angle between the polarization direction of the incident light and x-axis, dened as the polarization angle The inuence of the surrounding environment to the planar metamaterial was characterized by changing the llet radius of Ag nanoprism (r). The other geometric parameters in unit cell are the thickness (h) and the edge length (L) of Ag nanoprism. The Ag nanoprism periodic tetramer possesses a square lattice, and the periods along x-axis and y-axis (P) are xed at 300 nm. In particular, the rotation angle, the llet radius, the edge length, and the thickness were manipulated to investigate their inu-ences on the optical properties of the metamaterials.
Numerical simulations were performed using Comsol Multiphysics. The material of nanoprism in the planar metamaterial was chosen as Ag, its frequency dependent refractive index function was obtained from the experimental data of Johnson and Christy. 37 The material of the substrate was silica, and its dielectric function was from Palik. 38 The wavelength of the incident light was varied from 500 nm to 1000 nm with intermediate steps of 4 nm, moreover, the step was ne tuned to 1 nm at resonant wavelength.
The group index of the planar metamaterial (n g ) was calculated in the following form. 
where n eff is the effective refractive index of the metamaterial, l is the wavelength of the incident light. The effective refractive index was calculated from the scattering (S) matrix in the following form.
where h is the thickness of Ag nanoprism, S 11 and S 21 are the reection and transmission coefficients, k is the wave vector of the incident light.
Simulation results and discussion
The optical properties of the metamaterials versus the polarization direction of the incident light were rstly investigated as shown in Fig. 2 . The metamaterial with b equal to 0 shows a typical PIT effect in Fig. 2(a) . The resonant wavelengths of the transparency window (peak1, 765 nm) and the two dips (dip1, 708 nm; and dip2, 814 nm) in Fig. 2 (a) are kept unchanged as q ranges from 0 to 90 . The transmissivity of peak1 is a constant (0.873) and also independent on the polarization. The PIT effect can be analysed by the surface charge distributions of the metamaterial at the resonant wavelengths. As shown in Fig. 2(b) , the charge distribution of dip1 (A) displays an apparent dipole resonance distribution with q ¼ 45
. The charge distribution of dip2 (C) shows a typical quadrupole resonance distribution. The distribution of peak1 (B) possesses the distribution characteristics of the two dips, which means that the transparency window is a result of destructive interference of dip1 (the dipole resonance) and dip2 (the quadrupole resonance). Due to the rotational symmetry of Ag nanoprism tetramer in metamaterial, the charge distribution varies from one nanoprism to the adjacent nanoprism as q is increased. The effective resonant lengths of the dipole and quadrupole resonances remain almost unchanged versus the polarization, so the resonant wavelengths and transmissivity are nearly constants. The planar metamaterial shows a PIT effect, which is independent of the polarization direction of the incident light. Fig. 3 shows the resonant wavelengths and transmissivity distributions of the PIT effect versus q and the rotation angle of Ag nanoprism (b). The step of the incident light wavelength here is 0.1 nm. As shown in Fig. 3(a) and (c), the resonant wavelengths of the two dips show opposite variation tendencies against b. The dip1 has a maximum value (708.2 nm) with b equal to 15 , and dip2 has a minimum value (812.8 nm).
However, dip1 has a minimum value (702.9 nm) with b equal to 60 , and dip2 has a maximum (815.5 nm). The variation range of dip1 is 5.3 nm, and that of dip2 is 2.7 nm. This can be attributed to the fact that the structural symmetry of the tetramer changes are caused by the variation of b. The nanoprism tetramers possess mirror symmetry relative to x-z plane and y-z plane with b equal to 15 and 60 . This leads to the small changes of the effective lengths of the dipole and quadrupole resonances. The small variations in the effective lengths lead to a little shi of the two dips. The resonant wavelengths of the transparency window in Fig. 3(b) have two minimum values (764.1 nm) when b is equal to 15 and 60 , respectively. It is worth noting that the wavelength variation range of peak1 is less than 1 nm which is less than the difference between the variations of the two dips. This indirectly conrms that peak1 is caused by destructive interference of the two dips. The transmissivity of peak1 in Fig. 3(d) has a sine-like variation against b. The minimum point of the transmissivity is at 15 , and the maximum at 60 , with 0.01 variation range. The planar metamaterial with an arbitrary rotation angle in Fig. 3(a-c) shows an invariable PIT effect versus the polarization. The PIT effect of the metamaterial is independent of the polarization of the incident light, and slightly dependent upon the rotation angle of Ag nanoprism. As mentioned before, the tips of Ag nanoprisms are exibly lleted due to the oxidation of Ag atom caused by a change of its surrounding. Ag nanoprism gradually transforms into Ag nanodisk as it is lleted, its optical property accordingly changes. So the studies on the inuences of the radius of Ag nanoprism on the PIT effect become more signicant. The results are shown in Fig. 4 . As r is increased, the transparency window in Fig. 4(a) weakens and narrows down. The peak1 in Fig. 4(a) shows a linear blue-shi effect against r. The transmissivity in Fig. 4(b) exponentially decays from 0.9 to 0.3, and then peak1 disappears. The distance between nanoprisms in unit cell increases as the tips of Ag nanoprisms are lleted, the interaction strength of the destructive interference weakens accordingly. When r reaches a critical value, the distance between nanoprisms in the unit cell are far enough and the interaction between the two resonances disappears accordingly, and peak1 vanishes.
The full width half maximum (FWHM) of peak1 in Fig. 4 (b) exponentially decreases as r is increased. This also can be attributed to the weakening interaction between the two resonances as the Ag nanoprisms in unit cell are lleted. So peak1 which is caused by the destructive interference of the two resonances fades. Therefore, the resonant wavelengths and transmissivity of the PIT effect can be modulated by changing the llet radius of Ag nanoprism. Due to the linear shi of peak1 versus the llet radius of Ag nanoprism (i.e. its surrounding environment), the planar metamaterial can be a potential environmental sensitive sensor.
The planar metamaterial also shows an obviously slow-light effect caused by the sharp line shape of its PIT effect. Due to the tunability of the PIT effect, its group index can also be exibly tuned by manipulating the llet radius of Ag nanoprism as shown in Fig. 4(c) . The resonant wavelength of the group index shows a blue-shi effect. The resonant wavelength varies from 836 nm to 544 nm. Its intensity rstly strengthens and then weakens as r increases. The group index is greater than 200 with r ranging from 7.5 to 17.5 nm. The group index reaches 225 when r ¼ 13.75 nm, and its minimum value is 71 when r ¼ 3 nm. This result means that the planar metamaterial composed of Ag lleted nanoprism tetramer also can be a candidate for the exibly tunable slow-light device as Ag nanoprism is lleted (i.e., a change of the surrounding). This effect overcome a common obstacle that group indices of the metamaterials are xed once the metamaterials are prepared. The impacts of the edge length and thickness of Ag nanoprism on the PIT effect of the planar metamaterial are shown in Fig. 5 . The transmissivity of peak1 in Fig. 5(a) is kept almost unchanged (0.9) when L < 95 nm, while when L > 95 nm the transmissivity linearly decreases gradually. This can be attributed to the fact that the interval between nanoprisms is kept unchanged as L increases. The interaction strength between the two resonances remains the same, the transmissivity therefore also stay the same. The two dips and peak1 show a linear redshi effect against L. The variation range of the resonant wavelength of peak1 is as large as 300 nm, while the variation of L is 60 nm. This can be attributed to that the effective resonant lengths of the dipole and quadrupole resonances increase as L increases. The PIT effect of the planar metamaterial can be exibly modulated in visible region without loss of its transmissivity by changing the edge length of Ag nanoprism.
The resonant wavelengths of the PIT effect in Fig. 5 (b) exponentially decay as the thickness of Ag nanoprism is increased from 10 nm to 35 nm and slightly decrease when h > 30 nm. This is similar to the variation of the resonance of single Ag nanoprism relative to the change of h. The transmissivity gradually becomes weaker, with a small variation relative to the value of transmissivity. The resonant wavelengths of the PIT effect can be exibly tuned, and its transmissivity slightly changed through modulating the thickness of Ag nanoprism. The PIT effect of the metamaterial with specic wavelength in visible-infrared region can be realized by choosing a specic edge length and thickness. So the slow light originating from the PIT effect can also be tuned by the edge length and thickness. The group index increases as L increases, and decreases as Ag nanoprism becomes thicker. This metamaterial can be a potential plasmonic device in visible region.
Conclusions
In summary, Ag metamaterial composed of periodic nanoprism tetramer proposed in this paper shows an apparent PIT effect. The PIT effect originates from the destructive interference of the dipole and quadrupole resonances. Due to the special structural symmetry, the PIT effect is independent of the polarization angle of the incident light, and slightly dependent on the rotation angle of Ag nanoprism. The PIT and slow-light effects can be exibly modulated through changing the llet radius of Ag nanoprism. The resonant wavelengths of the PIT effect can also be exibly tuned in the visible-infrared region through manipulating the edge length and thickness of Ag nanoprism in metamaterial. This research paves way for designing novel plasmonic environmental sensors, plasmonic devices, and tunable slow-light devices.
